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Abstract é Air-energy transfer term in energy equation, K
A Latent heat of freezing, cal/gm

During an icing encounter of an aircraft in flight, super-cooled A, Latent heat of vaporization, cal/gm
water droplets impinging on an airfoil may splash before freezing. P Deasity, dyne/cm®
This paper reports tests performed to determine if this effect is u Viscosity, gm/cm s
significant and uses the results to develop an improved scaling %\ Surface tension of water against air, dyne/cm
method for use in icing test facilities. Simple laboratory tests M cing time, min
showed that drops splash on impact at the Reynolds and Weber ?
numbers typical of icing encounters. Further confirmation of Subscripts:
droplet splash came from icing tests performed in the NASA Lewis a A1r
Icing Research Tunnel (IRT) with a surfactant added to the spray 5 Based on droplet size
water to reduce the surface tension. The resulting ice shapes were . int
significantly different from those formed when no surfactant was S f“"m“”
added to the water. These results suggested that the droplet Weber ! e
number must be kept constant to properly scale icing test ;’ Refl'md -2 end condit
conditions. Finally, the paper presents a Weber-number-based erence size and conditions
scaling method and reports results from scaling tests in the IRT in surf  Surface .
which model size was reduced up to a factor of 3. Scale and S Scale size and conditions
reference ice shapes are shown which confirm the effectiveness of o Total
this new scaling method. ‘7; m@
Nomenclature Introductio

n

A, Accumulation parameter, dimensionless

b Relative heat factor, dimensionless

c Characteristic model length, cm

< Specific heat, cal/gm K

h, Convective film heat-transfer coefficient,
cal/sec m®K

k Thermal conductivity, cal/sec m K

LWC  Liquid-water content, g/m’

M Mach number, dimensionless

n Freezing fraction, dimensionless

Nu Nusselt number, dimensionless

¥ Ambient static pressure, nt/m?

Py vapor pressure of water, nt/m?

R, Gas constant for air, 287.0 nt mkgK

Re Reynolds number, dimensionless

t Ambient static temperature, °C

T Ambient static temperature, K

U Droplet velocity, m/s

14 Airspeed, m/s

We Weber number, dimensionless

' Droplet median volume diameter, pm
Y. ] Film thickness or ice thickness, m
¢ Droplet-energy transfer term in energy equation, K

Wind tunnel icing tests of subscale aerodynamic components have
been undertaken for decades. Yet, scaling laws which relate tunnel
datatopredxctwhatwoﬂdbeanuclpateddtmngopexmmofthe
oanponmlmtheannospherehaveyettobeagreedupon This is
evident from reviews of scaling laws by Bilanin' in 1988 and
Anderson? in 1994. There exist about half a dozen methodologies
which have competed over the years for international acceptance,
but in spite of years of validation testing, to date no methodology
has shown a clear advantage. One reason is that until quite
recently, the ability of a wind tunnel test engineer to set icing test
conditions such as droplet size and liquid-water content, has been
hindered with instrumentation and calibration shortcomings. The
second, and probably more important, reason is that almost
without exception previous scaling methodologies have ignored
water droplet impact and film dynamics in the scaling analysis.
This observation was brought to the attention of the icing
community in 1988!. This paper reports on the first attempt to
provide experimental evidence that droplet impact and water film
dynamics cannot be neglected in the derivation of scaling laws,
especially under icing conditions where low freezing fractions are
anticipated. The results presented here are significant not just for
scaling but they also suggest that ice accretion codes need to
implement droplet impact and liquid-film dynamic models to



improve the accuracy of predictions. Discrepancies between
predlcted andmeaswedwesbap&areoﬁcnblamedon
maccuracies in modeling the convective heat transfer coefficient.
We suspect that some of this discrepancy could be explained by
considering droplet-surface interactions.

Evidence that all is not well with past scaling methodologies was
presented in reference 1 where it was argued that if both the
accumulation factor, 4., and the freezing fraction, n, were
accurately known at each point along an aerodynamic component,
the prediction of ice accretion and 8 comparison between this
prediction and test data must agree favorably. It was then shown
using test data along with the scaling methodology in the SIMICE
scaling code® that seriously misunderstood discrepancies exist.
The SIMICE code computes the freezing fraction according to the
Messinger analysis®. Figure 1 is taken from reference 1 and shows
the measured and predicted ice thickness at the stagnation point for
two tests having predicted freezing fractions, ny, of .15 and .5. The
stagnation-point ice thickness is exactly proportional to 4 », and
the predictions in figure 1 were based on this. The actual measured
freezing fractions, n,, were .35 and .6, respectively. Ice
thicknesses for the lower freezing fraction were greater than
predicted by a factor of 2.3. Thus, either the freezing fraction
computation or the estimate of accurnulation parameter were in
efror.

The suspicion that something may not be correct with the
methodology for computation of the collection factor is motivated
by the observation of raindrops impacting a shallow puddie. The
schematic of this collision is shown in figure 2. Here, for the sake
of argument and to good approximation during the interaction of
the droplet with the film, we will neglect the shear forces of the air
on the droplet. Then the droplet film dynamics are controlled by

only three nondimensional parameters:
AR film thickness/droplet diameter
P, U/, Reynolds number
p, P 6/0,,  Weber number

Also, we know from observations that rain drops splash upon
impacting a water layer. In Table I, we have computed and
tabulated the typical order of magnitude values of these three
nondimensional parameters for both rain and icing conditions.
Quite surprising is the result that in general the values of the
Reynolds and Weber numbers for rain are typical of the values
during icing. Hence, one can study the impact of 1-mm raindrops
moving at 10 m/s impacting a8 1-mm film instead of studying the
impact of a 20-pm droplet impacting a film at 500 kts.

This paper presents the results of simple experiments to confirm
the importance of droplet splashing at Re and We representative of
icing encounters. Icing tests in the NASA Lewis Icing Research
Tunnel are described in which the surface tension of the spray was
altered by the addition of a surfactant. Finally, a practical scaling
method is described and tested in which the droplet We is
maintained the same between scale and reference conditions.

Droplet Splashing Tests

The above discussion mentioned the use of slow-moving large
water droplets impacting a water film to determine if film dynamics
and splashing can be neglected in the development of scaling laws
and in computer models of the ice accretion. In this section, we
report on simple tests which have been conducted to examine
droplet impact dynamics relevant to icing.

Figure 3 is a sketch of the droplet-impact rig used during testing.
A burette is mounted at distance /4 (h < 5 m) above a small dish
sitting on a milligram scale. By slowly allowing the water to drop
from the burette and counting the number of drops produced per
milliliter, ane can easily compute a typical droplet diameter. From
pmvmwukmvolvmgsprayd:spemonmmaﬁmwaks’
for water droplets released from rest into still air, the velocity of the
droplet as a function of release height, 4, is known. In the tests
reported here, the droplet diameter was 4.7 mm and the impact
velocity from a release height of 1 and 4.7 m was 4.2 and 8.1 m/s,
respectively.

The results are plotted on figure 4 where drops impact a film which
is 1/3, 2/3, 3/4 and 4/3 of the impacting drop diameter. Plotted on
the vestical axis is the peroent of mass gained after the impact. For
example, if the incoming drop's mass is completely added to the
film, the percent mass gain would be 100%. Even at the lower
impact velocities of 4.2 m/s, on the order of 25% of the incoming
mass is splashed away. At the highest impact velocities, a more
surprising result is obtained in that it is possible to Jose mass of
liquid from the film A mass loss of 100% implies that for every
incoming droplet, two droplets are splashed away. Note that the
results are strongly dependent on the film-thickness-to-drop-
diameter ratio, and film thicknesses which are less than the
diameter of the incoming drop seem to experience the most mass
ejection from the film. Note that each test condition was repeated
a minimum of three times, and the repeatability appears to be quite
high.

Figure 4 gives the Weber and Reynolds numbers for the tests
conducted. These can be compared to Table I where it can be seen
that these values are in fact typical of those anticipated during
icing. The above results therefore strongly suggest that droplet
splashing and droplet impact dynamics with a liquid film may be
important in the development of scaling laws and also must be
modeled if ice accretion computer codes are to make physically
realistic predictions of ice accretion.

Icing Tunnel Experiments

If droplet splashing has an effect on the ice-accretion process, then
varying the surface tension of the spray water will change the ice
shape. Two tests were performed in the NASA Lewis Icing
Research Tunnel (IRT) to evaluate the effect of surface tension on
ice shape. For the first test, Liqui-Nox, a commercial cleaning
solution, was added to the spray-bar water supply so that the entire
IRT spray had reduced surface tension. For the second test, Kodak
Photo-Flo 600 was added to the spray of a single nozzle directed
at the center of the test section while the IRT spray bars maintained



their normal spray of demineralized water.

The results of these tests led to the development of a scaling
method based on the requirement that the Weber number, We, be
matched between scale and reference tests. Additional tests were
performed in the IRT to evaluate this method. The surfactant-
addition tests, the constant-We scaling method and the scaling tests
and results will be described in this section.

NASA Lewis Icing Research Tummel. The IRT is shown in figure
S. Ithas been described in reference 6. The IRT has a test section
width of 2.74 m (9 f) and a height of 1.83 m (6 ft.) It is capable
of operation at test-section airspeeds up to 160 m/s (350 mph.) A
refrigeration system permits accurate control of the test-section
temperature from 230 to 278 K (-40 to 40°F .) A water-spray
system’ with 8 spray bars provides the ability to control
test-section liquid-water content from .2 to 3 g/m3 and droplet
median volume diameters from 15 to 40 ym.

Two sets of spray nozzles, known as the mod-1 and standard
nozzles, are used in the IRT to provide different ranges of
liquid-water content and droplet size’. For these tests, only the
mod-1 nozzles were used.

For tests using a single nozzle to add surfactant, a mod-1 nozzle
was mounted on the spray-bar support and aimed so that its spray
struck the model at the centerline of the test section. This nozzle
was supplied with air from the spray-bar manifold while it received
water from a tank independent of the spray-bar supply. The single-
nozzle water pressure was controlled to the same value as the water
pressure for the spray bars. When the single nozzle was used,
surfactant was added to its water supply while the main spray
system used demineralized water with no additive. It was found by
ice shape comparisons when demineralized water with no
surfactant was sprayed from the single nozzle, that of the total
water reaching the center of the model, about 10% came from the
single nozzle and the rest from the main spray bars. Consequently,
for all the single-nozzle tests the spray-bar pressures were set for
a liquid-water content of 90% the desired value.

The tests of the constant-We scaling method were performed
without surfactant.

Test Hardware. Ice accretion was measured on hollow circular
aluminum cylinders. Each cylinder was mounted vertically in the
center of the test section. Cylinders with 15.2-, 7.6-, 5.1- and
2.5-cm (6-, 3-, 2- and 1-in) diameters were used. Figure 6 shows
how each cylinder was positioned in the IRT test section. A
retractable shield was positioned in front of the cylinder to protect
it from spray during the spray-bar start-up period when the water
and air pressures were stabilizing. The shield could be retracted
rapidly into the tunnel ceiling by remote operation of a hydraulic
actuator.

Test Procedure. Tests were performed by first establishing the
desired velocity and temperature. Water spray conditions were
then selected, and when tunnel conditions had stabilized, the water
spray was initiated. The shroud protecting the test cylinder from
the spray was lifted whea the spray conditions had stabilized, and

the spray timer was started at this time. When the prescribed spray
period was completed, the spray was shut off and the tunnel
brought to idle to permit personnel entry into the test section. The
jce shape was recorded by first melting a thin slice through the ice
normal to the cylinder axis. The shape was traced onto a cardboard
template; these shapes were later digitized and recorded on a
computer disk. After the ice shape was recorded, the model was
cleaned and the procedure repeated for the next spray condition.

Results: Surface-Tension Experiments

Surface Tension Measurements The surface tension of the
demineralized IRT water, two dilutions of water:Liqui-Nox
mixtures, two dilutions of water : Photo-Flo 200 mixtures and a
water : Photo-Flo 600 mixture was measured. Photo-Flo 600 is &
more concentrated form of Photo-Flo 200 so that a 600:1 mix of
water to Photo-Flo 600 is equivalent to a 200:1 mix of water to
Photo-Flo 200. Measurements were made on three occasions using
an apparatus which employed the ring-detachment method, and the
results are given in Table I The published value® of surface
tension for water at 20°C is 73 dyne/cm. When there are
impurities present, however, the surface tension will be less than
this. It is not surprising, then, that the surface tension of water was
found to be lower than the published value. The addition of
surfactant in the form of Liqui-Nox or either of the Photo-Flo
concentrations reduced the surface tension of the IRT water to
about half its untreated value. Furthermore, increasing the dilution
of the water:surfactant mixture had virtually no effect on the
surface tension.

Effect of Reduced Surface Tension on Ice Shape Initial tests with
surfactant addition were made with Liqui-Nox added to the entire
spray bar water supply. At the conclusion of these tests, it was
necessary to flush the entire spray bar system thoroughly to
remove any traces of the surfactant for subsequent icing tests with
demineralized water. To avoid the inconvenience of this purging
procedure, a single spray nozzle with its own water supply was
mounted on the spray-bar array in a such a position that its spray
would strike the model at the center of the test section. Thus, the
single nozzle could be operated with surfactant-treated water while
the full spray-bar system operated with untreated demineralized
water. Because ioe shapes were only measured at the center of the
model for this study, this arrangement would be effective if it
produced the same ice shapes as resulted from adding surfactant to
the full spray-bar system.

To test the single-nozzle system, Kodak Photo-Flo 600 in a mixture
of 600:1 water:Photo-Flo was used in the single-nozzle water
supply. A comparison of centerline ice shapes using the single-
nozzle and full-spray-bar surfactant addition methods is shown in
figure 7. The solid line represents the shape resulting from adding
Liqui-Nox to the spray-bar water supply. The dotted line indicates
the ice shape accreted when the single nozzle operated with the
water : Photo-Flo mixture. The shapes of the ice formed by either
method of delivering surfactant agree within the normal
repeatability of the tunnel. This result verifies that the simpler
single-nozzle method of surfactant addition gives results at the
centerline which are equivalent to the less-desirable method of



adding surfactant to the full spray-bar system.

As noted above, the single nozzle contributed only about 10% of
the total water reaching the model centerline. Thus, most of the
incoming drops would not have the reduced surface tension when
the single nozzle was used to add surfactant. Apparently, then, the
impacting droplet surface tension was of less importance to the
physics of the process than the surface tension of the unfrozen
water on the surface of the model. Because dilution has little effect
on surface tension, once the treated droplets mixed with water on
the surface, the surface tension of the surface mixture would be
expected to be about the same for either method of adding
surfactant.

To test the effect of surfactant on ice shape, conditions were run
which had previously been used with unadulterated demineralized
water. The results are shown in figure 8. The solid line gives the
shape at the centerline produced with demineralized water, and the
dotted line represents the shape when surfactant was added to the
spray. In figure 8(a) results are given for tests in which 1 part of
Liqui-Nox cleaner was added to 400 parts (by volume) of
demineralized water. The addition of surfactant totally changed the
shape of the horns and reduced the hom angle.

Results for the single-nozzle surfactant-addition tests are given in
figure 8(b). Again, surfactant addition had a dramatic effect on the
shape of the ice. Although droplet splashing has been shown in the
bench-top experiments described previously in this paper to be
significant, an additional effect of the surfactant on ice shape may
also result from a reduction in droplet size. When the surface
tmmonwhalved,ﬂlech'oplctsxzccanbee)q)ectedtodecreaseby
about 25%”. Far the single-nozzle tests only about 10% of the
droplets have reduced surface tension, however, so the median
volume diameter of the total spray should be close to that for water
without surfactant. The freezing temperature of the
water : Photo-Flo mixture was tested and found to be the same as
water. Although the mixture latent heat was not measured for this
study, it should be the same as water because of the extremely
small amount of surfactant used. Thus, the primary reason for the
differences in ice shape with and without surfactant is apparently
the change in the surface tension of unfrozen water on the surface
of the model. This observation reinforces the conclusion of the
droplet-splashing tests that droplet-surface interaction plays a
significant role in the ice-accretion process.

Implications for Scaling

The strong effect of droplet-surface interaction demonstrated by
both the splashing tests and the icing-tunne] tests suggests that the
Weber number needs to be considered in developing scaling
methods. Rigorous scaling would require that the Reynolds and
Weber numbc:s be matched between scale and reference
conditions!. To do this it is necessary that, approximately,

°R
Vg=Vr— )
€s

‘R
Oy = Op— @
€s

Thus, for a half-size model, for example, both the airspeed and the
surface tension of the spray need to be roughly doubled over their
desired reference values. While it is relatively easy to reduce
surface tension by adding surfactant to the spray water, increasing
the surface tension of the spray to satisfy equation (2) does not
appear to be practical. Furthermore, the airspeeds required by
equation (1) for small-scale models will generally produce
unacceptably high Mach numbers. It seems, then, that this
approach to scaling is likely to be unusable for most scaling
situations. However, a practical scaling method can be developed
by relaxing the need to match Re between scale and reference
situations. This is a reasonable simplification, for the Re should
have little effect on the flowfield, provided the flow becomes
turbulent over some part of the body. With glaze ice shapes, the
point of separation and transition are determined by the ice shape
rather than by the Re. Consequently, a scaling method was
developed which is based on maintaining the same We for both
scale and reference conditions and ignoring the Re. This method
is discussed in the following sections.

Constant-Weber-Number Scaling. - The method is outlined here.
Results from preliminary tests to verify the method in the IRT are
described in the next section.

Unlike other published scaling methods?, this method permits only
the choice of scale model size, ¢ The reference model size, ¢,
and all reference conditions are, of course, known. The following
four equations are first solved simultaneously to give the scale
airspeed, Vj, scale static temperature, T, scale static pressure,
Ps> and scale drop size, &,:

1
Vg = Vx(ﬁ] 2 ®)

V2 vi
Tg=Tp+ e = = @
2Cpupof  2Cpumef
P
Pg = et
. Vs ®
2R,T,

. £ 24 v -38
8= 8| = Psp | ©)
cr Pr Ve



Equation (3) results from matching the scale and reference We,
and equation (4) is obtained by matching droplet energy transfer
terms (see equation (9), below) in the Messinger energy balance*
at the model surface. There is no fundamental necessity that the
droplet energy terms be matched; however, an equation is needed
to solve for the static temperature, and equation (4) is convenient.
Equation (5) simply relates the static pressure in the tunnel to the
known ambient pressure (tunnel total pressure) and equation (6)
results from matching the droplet trajectories.

The freezing fraction, 7, was defined by Messinger* as the fraction
of impinging water which freezes in the impingement zone. The
scale LWC is found by equating the scale and reference freezing
fraction. From the Messinger energy equation, the freezing
fraction is

c h
n = 2® ¢ + a—_t—] (7)
A, ( LWC VB,e,,,
Thus,
0
LWC ¢ = shes
0Lh ®
VsBoc -[_‘M— + g - ¢.s']
PP LWC pVaBoc,,

In equatiops (7) and (8), ¢ is the droplet energy transfer term,

V2

2 Cpe

=T, -T- ®)

It was noted above in reference to equation (4) that ¢g and ¢y are
equated in this scaling method. Furthermore, the collection
efficiency, ff, must be the same for scale and reference tests.
Thus, equation (8) simplifies to
LWC , = IJVC’R%-:—"’if£ (10)
rbhp Vs

From the Messinger equation, 8 is the air energy transfer term:

2

+ 693 BRK ) PunoyPu

* L4
2c,, joule P

0=T py-T-r a1

where r is the recovery factor, taken as .875 in this analysis,pw’mf

is the vapor pressure of water at the surface of the model (i.e., at
T, and p,, is the vapor pressure of water in the atmosphere (i.c.,
at‘%. The vapor pressures for this study were from Pruppacher
and Klett®.

The scale and reference convective heat transfer coefficients, 4, ¢
and h_p, in equation (10) were evaluated using the following
empirical expression from Gelder and Lewis!?:

M Ve A774
h o= 12442 Pe 12
c B,

The final scale parameter needed is the spray time, 7. It was found
by matching the scale and reference accumulation parameters:

LWC Vsts _ LWC gVptp

Pis Picr

a3)

Table I shows results of calculations applying this scaling method
to five reference conditions. In reference 2 a number of published
scaling methods were shown to work successfully with rime ice but
not for glaze. For this reason, reference conditions were chosen to
test this new method with the more-difficult-to-scale glaze ice.

Verification of Constant-Weber-Number Scaling Method. The
proposed scaling method was applied in a series of tests in the IRT
using the ice-accretion test techniques discussed earlier. Scale
sizes of 1/2 and 1/3 the reference cylinder diameters were used.

Due to a transducer calibration error, both reference and scale
droplet size, & and liquid-water content, LWC, were found after the
completion of the test to differ from those planned. Table III gives
the reference conditions (first line of each test case) which resulted
when the test conditions were corrected to give the true droplet
size and LWC for the five test cases. The scale conditions listed in
Table III then were obtained by applying the constant-We scaling
method to these corrected reference conditions. The actual scale
conditions tested are given in Table IV. Comparing the scale
conditions in Table IV with those in Table III, one can see that the
scale airspeeds tested were as much as 8% lower and scale droplet
sizes were up to 18% lower than the values required by this scaling
method. Other scale test conditions were close to those required.
The scale Weber numbers tested were lower than the reference
values for these tests by as much as 28%.

Figure 9 shows the ice shapes for the conditions of case A in Table
IV. The solid line represents the ice shape which resulted from
testing at the reference conditions. The dashed line is the scale
result. The scale ice shape coordinates have been multiplied by the
inverse of the scale factor so that the shapes can be compared
directly. The scale test for case A was performed on a 7.6-cm
cylinder and resulted in horn-glaze ice very similar in overall shape
and quantity of ice to the reference conditions tested on a 15.2-cm



cylinder. Figures 10 and 11 are also for reference tests with 15.2-
cm cylinders but with conditions giving different forms of glaze ice.
In each case the scale test, using a 7.6-cm cylinder, gave shapes
very close to the reference shapes.

Figures 12 and 13 present results for testing with a 7.6-cm
reference cylinder and 5.1-cm and 2.5-cm scale cylinders. The
results for the 5.1-cm cylinders are shown in dashed lines and the
ice shapes for the 2.5-cm cylinders are represented with dotted
lines. Figure 12 shows results for horn glaze ice, and figure 13 is
for glaze ice at a warmer temperature. In each case, the two scale
tests faithfully reproduced the reference ice shape.

Agreement between scale and reference ice shapes was
significantly better using the constant-We scaling method than has
beendezmonsu'atedinpastsmdi&susingotha'scalingmcthodsin
the IRT“.

Concluding Remarks

This study has demonstrated the importance of droplet splash to the
ice-accretion process. Simple tests performed with Re and We of
magnitudes typical of those in icing encounters showed that droplet
splash can have a significant effect on surface dynamics. Tests
were also performed in the NASA Lewis Icing Research Tunnel
which demonstrated that altering the surface tension of the spray
can have a dramatic effect on the ice shape. These observations led
to the development of a new scaling method in which the scale and
reference We are the same.

This method was tested in the IRT using cylinders. Because of a
transducer calibration error, the scale We was as much as 28%
lower than the reference value. Nevertheless, scale ice shapes
closely matched the reference shape when cylinder sizes were
scaled by as much as a factor of three. These preliminary results
suggest that it may be possible to scale adequately even when We
is not held exactly constant. Additional tests are needed to verify
this scaling method with a wider range of conditions, with different
geometries and with greater size ratios.

Ice-accretion prediction models currently include no consideration
of droplet splash. This study demonstrated that consideration of
droplet-surface mteractions are important to ice accretion and need
to be considered not just in scaling methods but in analytical
models of ice accretion as well. The Reynolds and Weber numbers
need to be investigated carefully to more fully understand their role
in the ice-accretion process.
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Table . Order-of-Magnitude Estimates of Nondimensional
Parameters Controlling the Dynamics of Impact of a Droplet

With a Film
Rain Icing
v Otow 0to 10
p, 20, 10° 10% to 104
PU 10° 10°




Table II. Surface Tension of Spray Mixtures

Mixture (Concentrations are by Volume) o, dynelem

9.2-93 | 12-13-93 | 12-8-94
Tap Water (20°C) e 63.1 59.2
IRT Demineralized Water 486 65.1 59.8
400:1 IRT Demineralized Water : Liqui-Nox 287 e -
560:1" IRT Demineralized Water : Liqui-Nox 30.2 » *
200:1 IRT Demineralized Water : Photo-Flo 200 284 29.8 *
400:1 IRT Demineralized Water : Photo-Flo 200 28.3 286 b
600:1 IRT Demineralized Water : Photo-Flo 600 e . 29.6

*Estimated Dilution ot Measured

Table IIl. Examples of Scaling With Constant #e

Case | Mode D‘;" 71"(" ngf’ n‘]’;s jn z;;g - M | Rex10% | Wegx 102
o | R 152 | 2637 | 2659 | 670 | 408 | 110 | 429 | 206 7.73 2.36
Scale 76 | 2633 | 2672 | 876 | 239 | 130 | 140 | 269 4.97 2.36
5 | Rt 152 | 2665 | 2687 | 672 | 408 | 111 | 428 | 205 762 2.39
Scale 76 | 2661 | 2700 | 880 | 239 | 126 | 144 | 269 4.90 2.39
o |Ref 152 | 2609 | 2649 | 895 | 407 | 884 | 403 | 276 | 1028 4.18
Scale 76 | 2602 | 2671 | 1174 | 237 | 993 | 137 | 363 6.54 418
Ref. 76 | 2637 | 2659 | 667 | 610 | 897 | 266 | .205 3.85 3.50
D | Scalel s1 | 2635 | 2666 | 781 | 446 | 988 | 138 | 240 2.98 3.50
Scale 2 25 | 2630 | 2682 | 1023 | 260 | 112 | 46 | 315 1.90 3.50
Ref 76 | 2665 | 2687 | 674 | sso | 887 | 267 | 206 3.82 3.41
E | Scalel s1 | 2663 | 2694 | 788 | 424 | 963 | 140 | 241 2.95 3.41
Scale 2 25 | 2658 | 2710 | 1033 | 247 | 105 | 49 | 316 1.89 3.41
Table IV. Scaling Test Conditions
Cose | Mode [DEm) Te | Ter > uf’n % 5| M [ Rex10% [ wepx10°
A | ReE 152 | 2637 | 2659 | 670 | 408 | 110 | 429 | 206 7.73 2.36
Scale 76 | 2637 | 2672 | 839 | 207 | 124 | 154 | 258 4.76 1.88
5 | ReE 152 | 2665 | 2687 | 672 | 408 | 11 | 428 | 205 7.62 2.39
Scale 76 | 2663 | 2698 | 839 | 208 | 121 | 157 | 2% 4.68 1.89
c | Ref 152 | 2609 | 2649 | 895 | 407 | 884 | 403 | 276 | 1028 418
Scale 76 | 2604 | 2666 | 1118 | 207 | 964 | 148 | 346 6.27 3.32
Ref 76 | 2637 | 2659 | 667 | 610 | 897 | 266 | 205 3.85 3.50
D | Scalel s1 | 2634 | 2663 | 767 | 385 | 960 | 144 | 236 2.93 2.92
Scale 2 25 | 2629 | 2675 | 956 | 213 | 108 | 51 | 294 1.79 2.51
Ref. 76 | 2665 | 2687 | 674 | 580 | 887 | 267 | 206 3.82 341
E | Scalel 51 | 2662 | 2601 | 762 | 464 | 967 | 144 | 233 2.86 349
Scale 2 25 | 2658 | 2703 | 953 | 215 | 105 | 53 | 292 1.76 2.52
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Figure 1. Stagnation Point Ice Accretion on a 2.5-cm-diameter
Circular Cylinder. Droplet Velocity, 60 m/s. (Ref. 1)

‘Water Film

pd

A

LLLLL L L
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Figure 3. Experimental Setup for Study of Droplet-Film-Impact
Dynamics.
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Figure 4. Mass Gain By Water Film Due to Droplet Impact.
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Figure 5. NASA Lewis Icing Research Tunnel (IRT).

Figure 6. Test Cylinder and Shield Mounted in IRT.




Figure 7. Ice Shape at Model Centerline for Reduced-Surface- (b) Static Temperature, 268 K; Airspeed, 47 m/s; Median

Tension Spray. Cylinder diameter, 5 cm; Static Temperature, Volume Droplet Diameter, 40 pm; Liquid-Water Content, .86
266 K; Airspeed, 47 m/s, Median Volume Droplet Diameter, g/m*; Spray Time, 18.7 min.
40pm; Liquid-Water Content, 1.17 g/m®; Spray Time, 16 min. Demineralized Water Spray

400:1 Water:.Liqui-Nox Mixture in Spray Bar System  ccceeneees 600:1 Water: Photo-Flo 600From Single Nozzle
............... 600:1 Water:Photo-Flo 600 From Single Nozzle Figure 8. (concluded)

(a) Static Temperature, 261 K; Airspeed, 94 m/s; Median Figure 9. Scaling with Constant Weber Number: Case A,
Volume Droplet Diameter, 30 um; Liquid-Water Content, 1.17 Table IV.
g/m*; Spray Time, 16 min. Reference
Demineralized Water Spray 0000000 e Scale
............... 400:1 Water: Liqui-Nox

Figure 8. Effect of Surfactant on Ice Shape at Model
Centerline. Cylinder diameter, 5 cm.
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Figure 10. Scaling with Constant Weber Number: Case B in Figure 12. Scaling with Constant Weber Number: CaseD in

Table IV. Table IV.
Reference Reference
. Scale — — — Scalel
Figure 11. Scaling with Constant Weber Number: Case C in Figure 13. Scaling with Constant Weber Number: Case E in
Table IV. Table IV.
Reference Reference
... Scale — — — Scalel

Scale 2
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